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between the input and output parameters under investigation.
23
This methodology is applied in two sequential studies to the optimization of the combustion system of a 
Introduction 46
Research on combustion systems in the frame of Internal Combustion Engines (ICE) for 47 road and rail transport applications is traditionally focused on optimizing the 48 conventional and also the advanced combustion concepts for accomplishing the 49 pollutant emissions standards. Those standards are becoming more difficult to achieve, 50 while increasing the engine thermal efficiency arises an additional objective in order to 51 decrease fuel consumption and then CO2 emissions. Nowadays, engines provide a good 52 trade-off between pollutant emissions and fuel consumption since they are already 53 optimized, so developing them to reach further improvements becomes a hard task. 54
Experimental optimization is a well-known method due to the simplicity of adjusting air 55 management, injection setting or fuel composition aiming for a better combustion 56 process. Therefore, in the past years most of the research works in the field of diesel 57 engine analysis and optimization focused on the injector and combustion chamber 58 design, or even the use of fuels with different properties, have been performed 59 experimentally. Choi et al [1] studied the effect of the bowl geometry and a double row 60 nozzle with 12 holes on the emissions. Atmanli et al [2] used a Response Surface 61
Method for finding the optimum diesel-n-butanol-cotton oil ternary blend ratios also for 62 controlling emissions. This experimental approach has been widely applied also to the 63 analysis and optimization of advanced combustion concepts. Genzale et al [3] measured 64 how the emissions are affected by the chamber geometry operating with the low 65 temperature combustion (LTC) concept. Benajes et al [4] investigated the potential of 66 the piston geometry to improve the results provided by the Reactivity Controlled 67
Compression Ignition (RCCI) concept in terms of combustion efficiency and emissions. 68
However, the experimental optimization of parameters related to the engine hardware, 69 such as the combustion chamber or the injector geometry is costly in terms of time and 70 resources since it involves piston or injector manufacturing and assembling, together 71 with weeks or even months of intensive testing. 72
Recently, Computational Fluid Dynamics (CFD) is gaining reliability in predicting 73 emissions and combustion characteristics by using properly calibrated and validated 74 models. Then, CFD modeling is a very interesting alternative compared to the 75 experimental approach especially for the optimization of the engine hardware due to its 76 lower requirements in terms of time and resources. Thus, it is worth to develop an 77 optimization methodology based on CFD modeling suitable for not only defining the 78 optimum engine hardware/settings configuration, but also to identify qualitatively and 79 quantitatively the most relevant effects of the variables to be optimized (inputs). 80 Different studies have been carried out using evolutive methods with really encouraging 81 results related to optimum geometries [5, 6] or injection and air management settings 82 [7, 8, 9, 10, 12] . These results confirm the suitability of genetic algorithms to find the 83 optimum engine configuration (hardware and/or settings), and how the increasing 84 computational power decreases the time cost of combustion chamber optimization until 85 alternative, the non-evolutive methods provide a predefined number of iterations that 108 increases with the number of inputs, but for a number of inputs ranging between 4 and 6 109 the total time cost is still lower than that provided by the genetic algorithms, and 110 different studies applying non-evolutive methods have proven their potential. The high 111 reliability and accuracy in the results that the non-evolutive Response Surface Methods 112 (RSM) provide in a CFD optimization is shown in those studies [18, 19, 21] . Compared 113 to the evolutive methods, the RSM allows obtaining trends and results in any region of 114 the chosen optimization region with the optimized configuration. Those trends can be 115 also obtained using a genetic algorithm after carrying out further post-processing 116 activities, but even in this case the accuracy is lower than that provided by RSM due to 117 the randomness of the training points. Finally, the RSM method has been even applied 118 for other applications as the vehicle on board control of the engine settings to optimize 119 the combustion process [20] . 120
In this framework, the research work reported in the present paper focuses on describing 121 and applying a new methodology for optimizing the combustion system of CI engines 122 based on the RSM approach. The optimization process carried out in this paper is 123 divided in 2 stages, the first one optimizes 4 inputs (2 related to the combustion 124 chamber geometry, swirl number and nozzle included angle (NA)), with results in 25 125 
Experimental tools 132

Engine characteristics 133
The experimental data required for the calibration and validation of the CFD model was 134 obtained from a 4-cylinder 4-stroke Medium Duty Direct Injection (DI) CI engine, 135 equipped with a common-rail injection system. Table 1 contains the main engine  136 characteristic, while Table 2 shows the key settings for the reference operating 137 condition. 138 conditions. 219
Bowl geometry model 220
The generation of the combustion chamber geometry is one of the most time consuming 221 step in an optimization. Bowl shapes are very diverse, which makes it difficult to be 222 adjusted, especially with only a few parameters. However, in order to capture properly 223 the trends of the geometric parameters in the RSM method, the process needs to be 224 consistent, this is, the restrictions of the original bowl have to be maintained. For that 225
reason, an in-house code to adjust and resize any bowl contour was developed The basic 226 idea behind the code is to adjust the original geometry with Bezier curves and then 227 readjust the curves iteratively taking into account the restrictions, like for example the 228 maximum width of the bowl is limited by the oil gallery location. Figure 1 shows the 229 reference bowl, adjusted with Bezier curves and compared with variations of the 230 geometry for different values of the geometric parameters. 231
The Bezier line and control points used to adjust the original bowl can be seen in the 232 figure and it is noticeable how the adjusted profile reproduces the original shape 233 perfectly and the new generated lines, because of the restrictions imposed, keep the 234 main aspects of the bowl. 235 
238
Injection rate model 239
The injected fuel mass flow rate profile has a critical effect on the combustion process 240 so in order to be consistent with the experimental data, an in-house 0D model code 241 capable of reproducing any injection rate profile was developed. The model needs 242 experimental data because a measured injection rate profile has to be adjusted using 243
Bezier curves and then, the curve generated from adjusting the experimental injection 244 rate profile is modified to fit the required injection pressure and total injected mass. 245 Figure 2a shows the measured injection profile used as reference and the curves 246 obtained from the software and Figure 2b shows the readjusted injection profile and the 247 corresponding experimental data. 248 
251
A critical aspect of the injection is the slope of the injection rate when the injector 252 receives the electric signal and when the signal ends. It can be seen in Figure 2 how the 253 
Methodology 256
Accuracy is one of the most difficult aspects when optimizing unknown processes that 257 cannot be tested experimentally. Part of this inaccuracy comes from the CFD model but 258 an important fraction also comes from the optimization methodology. In order to avoid 259 uncertainties due to the combustion process and to be able to validate the methodology, 260 the ranges of the optimization parameters were chosen in order to keep a conventional 261 combustion in all cases so the know-how on this combustion models can be used to 262 validate results and trends. 263
The methodology described in this section has 3 steps, while each of them has their own 264 tools, which are described in the tools section. The first step is the configuration of the CFD model used for the later optimization. It 271 has to be properly calibrated and validated with experimental data because the main 272 objective of the optimization process is to vary parameters in a given range so not 273
having a well calibrated model could change the trends provided by the engine. It has to 274 be pointed that the calibrated model parameters have been kept constant for the 275 following steps. 276
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The second step is dedicated to the optimization of the combustion system. and combustion related parameters were included. The objective of some of these 294 parameters was to confirm the key trends followed by the main outputs. 295
Concerning the input factors, the bowl geometry was parameterized by means of two 296 geometrical relations, the ratio between the rip bowl diameter (d) and the cylinder bore 297 (B) and a second parameter (K) defined specifically to control the reentrant shape of the 298 bowl avoiding the artificial generation of extremely deformed bowl shapes. Due to its 299 definition, included in Figure 4 together with the geometry of the central point of the 300 DOE, the higher the K the more reentrant bowl shape. The ranges for the input 301 parameters kept for all DOE are shown in Table 5 and Table 6 . 302 Figure 5 contains the combinations of the 2 parameters related to the bowl geometry 307 included in the DOE design compared to those of the original engine bowl geometry. 308
The same comparison is carried out between the other settings modified in the 309 optimization process. 310 
312
It is important to highlight how despite the well-known trade-off existing between ISFC 313 and BSFC especially when the boost pressure is adjusted, the analysis was carried out 314 considering ISFC and not BSFC since this research focuses on understanding the 315 requirements of the combustion system to optimize the energy conversion from heat to 316 work respecting emission constraints. These processes are intrinsically controlled by the 317 combustion process, while the mechanical losses (including pumping losses) are not 318 accounted for since they depend on external factors not directly controlled by the 319 combustion process such as the lubrication and surface finish (friction losses), the 320 mechanical efficiency of auxiliary systems (auxiliary losses) or the turbocharging 321 system efficiency and its matching (pumping losses). The optimization of the 322 combustion system to obtain the best indicated efficiency carried out in this 323
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-12-investigation must be followed by a next step dedicated optimization of the engine 324 subsystems to transfer the ISFC improvements into final BSFC benefits. 325
Results and discussion 326
The section below describes the CFD model validation and two optimizations 327 performed for the reference engine. The first optimization stage focuses on optimizing 328 four engine parameters (bowl shape, intake manifold design and injection hardware) and 329 the second stage keeps the geometric parameters as optimization inputs and adds four 330 more optimization parameters (injection and air management settings). 331
CFD model calibration and validation 332
The CFD model was thoroughly validated by simulating the three operating conditions 333 under investigation described in Table 2 consumption. This first stage focused on medium speed/load, evaluating later the 360 optimum configurations at low speed/load and high speed/load operation conditions. 361
Air management and injection settings were kept constant at their reference values. 362
Then, a double shot injection (pilot plus main events) at the reference timings and 363 injection pressure was considered. The engine volumetric compression ratio was also 364 kept constant at the reference value shown in Table 1 . 365
Four parameters related to the bowl shape (diameter and re-entrant profile), intake 366 manifold design (swirl) and injection hardware (nozzle included angle) were optimized 367 by means of the DOE technique known as Response Surface Method. The ranges of 368 -14- these optimization parameters were shown in Table 5 The optimized bowl profiles compared to that of the reference combustion system are 389 shown in Figure 11 , together with the combustion system definition for those optimal 390 configurations. Observing these data, both optimization paths resulted in similar bowl 391 diameter, with d/B around 0.6, but higher reentrant shape, higher K, was required for 392 the minimum ISFC criterion compared to the smaller K for the improving NOx -Smoke 393 trade-off criterion. In all cases higher nozzle included angle than the reference engine 394 were obtained, especially for the minimum ISFC combustion system configuration. 395
The two optimized configurations were modeled and compared with the reference 396 engine in Figure 12 . It is shown how S1 Opt1 (best ISFC) provided slightly decreased 397 fuel consumption by less than 0.5%, while NOx slightly increases by +1.4% and the 398
Smoke level is nearly unchanged keeping FSN below 0.1. For S1 Opt 2 (best NOx -399
Smoke trade-off) NOx decreases by 17% with Smoke still below 0.1 FSN at the expense 400 of a minor increment in ISFC by 0.7%, below the acceptable limit. The two optimized 401 configurations were also evaluated for the other two operating conditions, 1800 rpm -402 high load and 1200 rpm -low load. Results shown in Figure 12 confirm that both 403 combustion systems also work adequately in these other operating conditions. 404 
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Optimization Stage 2 436
From the knowledge generated in the previous stage, this Stage 2 focuses on defining a 437 set of optimum combustion chamber, injection settings and air management settings 438 also at the medium speed/load operating condition, evaluating the performance of the 439 optimized combustion systems in the other two operating conditions. Since the 440 maximum number of optimization parameters considered as suitable for the 441 methodology in order to have an acceptable time cost is six, and the reference nozzle 442 angle and swirl level were both quite optimized, only the two geometrical parameters 443 related to the bowl shape (d/B and K) were kept for Stage 2. The detailed information 444 about the parameters included in this optimization together with their ranges is included 445 in the methodology section (Table 6 ). Additional information concerning the response 446 surface functions can be found in Annex 1. 447
The impact of the input parameters over the output responses was analyzed in order to 448 establish clear cause/effect relationships. Figure 13 shows the effect of bowl geometry 449 (d/B and K), Figure 14 the effect of air management settings (P2 and EGR) and Figure  450 15 the effect of injection settings (IP and SoIm) on the end of combustion angle 451 (CA90abs), ISFC and NOx-Smoke emissions. 452
Focusing on the main trends observed in Figure 13, between maximum cylinder pressure (Pmax) and ISFC observed in Figure 16 (right). It is 497 evident how ISFC is constrained by Pmax, generating an additional trade-off that must be 498 carefully considered. In fact, the current engine ISFC level cannot be further improved 499 without increasing Pmax even optimizing the combustion chamber geometry and air 500 management/injection settings altogether. 501 
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504
As in Stage 1, the same two optimization paths were followed for the optimization: 505 1. Minimizing ISFC keeping the NOX-Smoke trade-off (S2 Opt1) 506 2. Improving the NOx -Smoke trade-off accepting 2% ISFC penalty (S2 Opt2). 507
The combustion system definitions for those optimal configurations are included in 508 Table 8 , and the bowl profiles compared to the reference combustion system and Stage 509 1 optimums are shown in Figure 17 . 510 
513
Optimum from Stage 2 and the reference engine have the same NA.
514
In this Stage 2 the two optimization paths provided quite similar bowl geometries, with 515 d/B 0.56 for best ISFC against 0.55 for best NOx -Smoke and K equal to 0.1 in both 516 cases. Injection settings were also similar with the highest IP of 1520 bar and the 517
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-22-earliest SoIm of 356.72° aTDC, and they even share the highest P2 equal to 2.44 bar. 518 Therefore, the key difference between both optimization paths is observed in the EGR 519 level, which shifts from 17% for the best ISFC to 21% for the best NOx -Smoke. 520 Figure 18 compares the results of the two optimized configurations from Stage 2 with 521 those obtained with the reference combustion system. According to these results, S2 522
Opt1 and S2 Opt2 decrease fuel consumption by 4.3% and by 3.2% respectively, NOx 523 slightly increases by 1% for S2 Opt1 but sharply decreases by 43% for S2 Opt2. Smoke 524 level is kept controlled at FSN levels below 0.1 in both cases. 525
As shown in Figure 18 the optimized combustion systems were also evaluated for the 526 other two operating conditions, 1800 rpm -high load and 1200 rpm -low load using the 527 specific reference setting for each case. The S2 Opt1 combustion system also works 528 adequately under high-load conditions. It is noticeable how the S2 Opt2 improves 529 further the NOx emissions and keeps a modest reduction in ISFC and soot. 530 
Experimental validation 537
The piston geometries for both optimized combustion systems obtained using the 538 methodology described in this paper were machined and installed in the engine with the 539 aim of validating the quality of the CFD optimization results. The injection and air 540 In general, the agreement is good as indicated in Table 9 , confirming how the CFD 546 model setup and the optimization methodology performed well. According to the 547 experimental results, the main objective, ISFC, was reduced by 5% and 4% with S2 548
Opt1 and S2 Opt2 respectively, fairly similar to the 4.3% and 3.2% predicted by the 549 CFD, while the NOx and soot were kept constant or improved compared to the 550 reference. In addition, the emission optimum, S2 Opt2, was able to reduce almost 40% 551
NOx emissions with slightly higher ISFC following also the trends predicted by CFD. 552
Finally, the pressure gradient increases by 10% in both cases, showing a possible noise 553 restriction, what was also captured accurately by the CFD except for a small 554 underprediction with the S2 Opt1. 555
As a result, the error between the CFD predictions and the experimental validation 556 results is below 3% in the emissions, 2% in ISFC and 5% in noise, proving the 557 robustness and accuracy of the new method. 558
Following the structure of the paper, the optimum bowls were evaluated at the other 559 operating conditions, 1200 rpm -low load and 1800 rpm -high load, keeping their 560 respective reference settings. However, in the particular case of 1800 rpm -high load 561 the air management and injection settings were slightly re-adjusted to fulfill the 562 mechanical restrictions of the engine along the experiments. 563
As concluded at the end of optimization Stage 1, the impact of the geometry itself on 564 ISFC is very limited, while the effect on pollutant emission levels is higher, as indicated 565 in Table 10 and Table 11 . At the low load case both optimized bowls are able to reduce 566
NOx emissions by around 15%, keeping ISFC almost constant with less than a 0.5% 567 difference. At the high load case the trend is very similar with a reduction by 6.3% NOx 568 for S2 Opt1 bowl and by 5% for S2 Opt2 bowl compared to the reference, together with 569 a reduction in ISFC of less than 1% for both optimized bowls. Soot emission levels 570
show little discrepancies that, due to the low value of the experimental measurements, 571 As a final remark, these results confirm how the reference bowl geometry was already 580 optimized in terms of ISFC and therefore, the potential for further improvement by re-581 optimizing the bowl geometry is very limited. As a consequence, air management and 582 injection setting in addition to the bowl geometry must be included in the optimization 583 in order to decrease ISFC by improving the combustion system. 584
Conclusions 585
An optimization methodology based on a combination of CFD modeling and the 586 statistical Design of Experiments (DOE) technique known as Response Surface Method 587 (RSM) was applied to a 4-cylinder 4-stroke Medium Duty Direct Injection (DI) CI 588 engine in order to reduce ISFC while keeping the main pollutants constant. This 589 methodology provided not only the optimum configurations but also the cause-effect 590 relations between the control and target parameters. This improves the understanding of 591 the requirements of the conventional diesel combustion system and what parameters are 592 more attractive for being optimized. 593
In a first optimization stage has been found how the combustion system geometry could 594 only improve ISFC by 0.5% without increasing NOx emissions level. This study also 595 indicated that a swirl-supported with re-entrant bowl shape combustion system is still 596 required for this engine and input parameter ranges. 597 
780
All the coefficient shown in Table 13 proved to be significant at least for one of the 781 outputs studied in this paper so as a matter of simplifying the calculations, they were all 782 kept. In order to show the fit of the surfaces compared to the original data, Table 14  783 shows the R 2 values. 784 785 786 P2*SoIm*C16 + P2*db*C17 + P2*k*C18 + EGR*IP *C19 + EGR*SoIm*C20 + EGR*db 798 *C21 + EGR*k*C22 + IP*SoIm*C23 + IP*db*C24 + IP*k*C25 + SoIm*db*C26 + 799 SoIm*k*C27 + db*k*C28 + db 3 *C29 + k 3 *C30 + P2 3 *C31 + EGR 3 *C32 + MSN 3 *C33 + 800 SoIm 3 *C34 + db2*k*C35 + db*IP*P2*C36 + db*k*P2*C37 + db*k*EGR*C38 + 801 db*k*IP*C39 + db*k*SoIm*C40 + EGR*IP*SoIm*C41 + EGR*P2*k*C42 + db2*P2*C43 802 + P2*IP*k*C44 + P2*IP*SoIm*C45 + P2*k*SoIm*C46 + db2*k2*C47 + 803 db*k*IP*SoIm*C48 + db*k*IP*P2*C49 + db*k*IP*EGR*C50 804 805 806
Where the inputs db, k, P2, EGR, IP and SoIm as calculated as the example below. 807 808 db = (dbvalue -(dbmax + dbmin) / 2) / ((dbmax -dbmin) / 2) 809 810
The coefficients C1 to C50 are described in Table 15 . 811 812 
821
All the coefficient shown in Table 16 proved to be significant at least for one of the 822 outputs studied in this paper so as a matter of simplifying the calculations, they were all 823 kept. In order to show the fit of the surfaces compared to the original data, 
